Introduction
There are several processes for joining sheets to rods. The simplest and most commonly applied is mechanical fastening [1] , which produces low-cost, semi-permanent, joints that are easily assembled and disassembled without damaging the sheets and rods (Fig. 1a) . Mechanical fastening requires materials and sheet thicknesses capable of withstanding the high strains and stresses resulting from fastener insertion and is limited by the maximum loads that fasteners can support safely.
Welding is another widely used process [2] , which, in contrast to mechanical fastening, produces permanent joints that cannot be disassembled without damaging the sheets and rods (Fig. 1b) . The welding joints are limited by sheet thickness, by heating and cooling rate effects on the microstructure, by distortions resulting from the thermal expansion-contraction cycles and by sheets and rods made from dissimilar materials.
Adhesive bonding [3] circumvents the difficulties of welding dissimilar materials because it is not influenced by the physical, metallurgical and chemical properties of the sheets and rods (Fig. 1c) . However, this type of joints is limited by service temperature, by preparation of the mating surfaces and by the curing time during which is necessary to use jigs and fixtures to ensure a uniform pressure across the bonding area.
The growing interest in joining by plastic deformation [4] has been stimulating the development of new processes based on interfacial pressure or mechanical interlocking-based mechanisms. The example shown in Fig. 1d illustrates a process recently proposed by Matsumoto et al. [5] in which punching with thermal expansion-contraction cycles is utilized to join a sheet to a rod by interfacial pressure. The process involves heating the sheet, punching the sheet by a harder rod and obtaining the connection between the two parts by sheet shrinkage during cooling.
A similar technique requiring the rod to be cooled and positioned inside a sheet with a hole has long been utilized by metalworkers to join sheets to rods made from dissimilar materials by interfacial pressure. However, joining processes based in thermal expansion-contraction cycles are only applicable to thick sheets due to the risk of failure by buckling in case of thin sheets subjected to interfacial pressure.
The challenge of developing a joining by plastic deformation process to connect sheets to rods by means of mechanical interlocking was recently addressed by Narayanan [6] (Fig. 1e) , who extended to rods the original idea of Alves et al. [7] of using boss forming to connect sheets to thin-walled tubes at room temperature (Fig. 2a) . As seen in Fig. 1e , Narayanan [6] proposed the rods to be clamped in a rotating lathe chuck and material to be piled-up incrementally by a compression tool for obtaining the two annular flanges and fixing the sheets.
The idea of forming the annular flanges incrementally (Fig. 1e ) is interesting from a force point of view but is limited to small rods and the absence of circumferential constraint during boss forming is responsible for the predominance of material pile-up mechanisms similar to those found in metal cutting with a blunt tool. This is the reason why Narayanan [6] (Fig. 1e) , in contrast to Alves et al. [7, 8] (Fig. 2a) , reported a limited process window and a general difficulty in controlling the final geometry and size of the flanges. This paper proposes a new joining by plastic deformation process to connect sheets to rods that extends a previous idea of the authors to connect sheets to thin-walled tubes. The process makes use of boss forming for compressing the outer radius of the rods and pile-up material into annular flanges with controlled cross-section geometry and size. Special emphasis is put on the identification of the major operating parameters and on understanding their influence on material flow. Two different modes of deformation are identified and a distinction is made between unacceptable chip formation and successfully material pile-up to form the annular flanges that are needed to connect the sheets to the rods. Special design of the upper die to include a pressure ring is introduced as an efficient solution to prevent cracking of the new freshly formed surfaces of the rods during material pile-up. The presentation is supported by experimentation and finite element modelling and the overall performance of the new proposed joint is evaluated by means of a destructive pull-out test.
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Annular flanges could also be formed by lateral cold extrusion (also designated as 'injection forging') [9] but the replacement of boss forming by this process would significantly increase the applied forces because the volume of material subjected to plastic deformation in lateral cold extrusion is much larger than in boss forming. The resulting contact pressures would also be higher requiring extra care and costs in tool design and fabrication.
Under these circumstances, the aim and objective of this paper is to present a new process for joining sheets to rods based on a previously published idea of Alves et al. [7] of joining sheets to thin-walled tubes. The presentation introduces the main operating parameters and discusses the typical modes of deformation and the modifications that need to be made in the schematic tool concept of Fig. 2b for successfully extending the boss forming concept proposed by Alves et al. [7] to solid rods.
Special attention is put on the deformation mechanics of the boss forming process to distinguish between unacceptable chip formation and successfully material pile-up to obtain sound annular flanges. Redesign of the upper die to include a pressure ring is also introduced as an efficient solution to prevent cracking of the new freshly formed surfaces of the rods during material pileup. The presentation finishes with application and evaluation of the new process to join steel sheets to aluminium rods.
Experimental and numerical modelling

Material flow curves
The development on the new process for joining sheets to rods was carried out on DC04-mild steel sheets with 1.5 mm thickness and AW 6082 aluminium rods with 32 mm diameter. The aluminium rods were annealed by heating in a furnace to 415 C, holding at this temperature for approximately 2.5 h and then slowly cooling to environmental temperature.
The flow curve (true stress-true strain curve) of the AW 6082 rods was obtained by means of compression tests. The flow curve of the DC 04 sheets was obtained by means of tensile tests up to a true strain e ¼ 0:28 and the stress response beyond this value was extrapolated from the mathematical representation of the flow curve by means of a Ludwik-Hollomon hardening law. Both flow curves are shown in Fig. 3. 
Methods and procedures
The experimental work plan consisted of three different sets of experiments. The first set of experiments was focused on the development of the boss forming of AW 6082 aluminium rods and made use of two different tool designs.
In the first design, shown in left side of the figure included in Table 1 , material is pushed ahead of the upper compression die along the longitudinal direction and piled up to obtain an annular flange. The geometry of the upper die is a straightforward extension to solid rods of the boss forming of thin-walled tubes concept that was earlier developed by Alves et al. [7] . The geometry of the lower die is different and includes a die cavity for controlling the final cross-section geometry and size of the annular flanges. Appropriate radii are incorporated to facilitate material flow around the corners and a two-half die concept is utilized to allow removal of the rod after boss forming.
The second design, shown in the right side of the figure included in Table 1 , was developed after concluding that the first design (shown in the left side) gave rise to cracking along the freshly formed surface of the rods during material pile-up, as will be later explained in Section 3. To this end, the upper die was redesigned to include a pressure ring with a relief angle that imposes compression on the material adjacent to that undergoing piling up. In addition, the new design also ensures the rods to be kept in position during boss forming.
The upper and lower dies were made of cold working tool steel 120WV4 (WN 1.2516) hardened and tempered to a Rockwell hardness of HRC 62 and the rods were lubricated with zinc stearate before boss forming.
The main parameters of the boss forming of rods (Table 1) 
Table 1
Summary of the experimental work plan on the boss forming of rods without and with pressure ring. boss forming of rods because material pile-up in thin-walled tubes (Fig. 2a) can be successfully carried out without pressure ring.
The experiments were carried out for different increasing values of material pile-up thickness a ( Table 1 ). The pile-up length b was calculated to ensure complete filling of the annular diecavities with a rectangular cross-section c Â d ¼ 3 Â 3 mm 2 . The geometry of the rectangular cross-section derived from a previous work of the authors [8] .
The second set of experiments is similar to the first and uses boss forming to join DC04 steel sheets to AW 6082 aluminium rods. The third and final set of experiments consisted in destructive pullout tests to determine the maximum force that the new joints are capable to withstand before failure. All the tests were carried under a constant velocity of 5 mm/min.
Numerical modelling
Numerical simulation of the new process for joining sheets to rods was carried out with an in-house computer program built upon the finite element flow formulation. The simulation of the initial boss forming stage made use of rotational symmetry conditions and discretized the longitudinal cross-section of the rods by means of quadrilateral elements. The simulation of the final joining stage took into consideration previous distributions of strain and damage and discretized the cross section of the sheets with the same type of elements that were utilized in the rods. Both rods and sheets were modelled as rigid-plastic objects.
Because local plastic deformation of the rods is large it was decided to model the upper and lower dies as rigid objects and neglect elastic deformation. Both dies were discretized by means of linear rigid contact-friction elements. Friction was included by means of the law of constant friction t f ¼ mk, where k is the shear flow stress and m is the friction factor, taken as 0.1 after matching the experimental and numerical predicted forces. Fig. 4a shows the initial finite element mesh utilized in the numerical modelling of boss forming with a detail of the fine mesh employed in the outer radius where material of the rod is compressed and piled up to form an annular flange. The total number of elements is approximately 23000 and 95% of them are located inside the fine mesh detail. Fig. 4 illustrates the two extreme modes of deformation that are observed in the boss forming of rods without pressure ring. In Fig. 4b corresponding to case A of Table 1 , material is removed from the outer radius of the rod by cutting and a continuous curled chip is formed with a well-defined shear plane inclined to the upper die surface. The die cavity is not properly filled out and the resulting annular flange is unacceptable.
Result and discussion
Boss forming of rods
In Fig. 4c corresponding to 
Test cases corresponding to operating conditions placed in between these two extreme modes of deformation (e.g. case B of Table 1 ) experience transition modes of deformation from cutting to piling up with chips being formed at larger or smaller extents.
Despite ensuring the formation of annular flanges by material pile-up with no separation into a chip, there are grooves in case C that are typical of ductile fracture along the material pile-up length b (refer to the black ellipse in Fig. 4c) . The grooves are shown in Fig. 5a and their morphology is typical of cracks that opened by tension.
The avoidance of cracks during boss forming of rods required changing the stress state of the material adjacent to that undergoing piling-up along the longitudinal direction. This was achieved by redesigning the upper die in order to include a pressure ring that imposes compressive stresses on the region of the rods next to the material pile-up thickness a (Fig. 5b) .
The finite element computed distribution of mean stress s m in Fig. 5 confirms the avoidance of tensile mean stresses s m when using the upper die with a pressure ring and the photographs confirm the influence of the prevailing stress state in the occurrence or prevention of cracks along the freshly formed surfaces of the rods resulting from material pile-up.
The utilization of pressure rings also influences the forcedisplacement evolution in boss forming (Fig. 6 ) but the effect is limited to the final stage of the process where the use of a pressure ring increases the overall compressive stresses. (Fig. 6) .
In fact, both force-displacements evolutions of Fig. 6 show a small monotonic grow up to a point beyond which the force rises more steeply in the boss forming with pressure ring due to the Table 1 ). extra compressive stresses induced by the pressure ring. Still, the maximum force with pressure ring is below 200 kN.
Joining sheets to rods by boss forming
The boss forming with pressure ring concept was utilized to join sheets to rods. The operation conditions were retrieved from case D of Table 1 because they proved to be adequate for producing sound annular flanges without signs of chip formation and cracking during material pile-up.
The joining by plastic deformation process was performed in two different stages (Fig. 7a) . In the first stage, boss forming was utilized to produce the bottom annular flange with a cross section geometry large enough to ensure an adequate bearing surface for receiving the sheet. In the second stage, boss forming was utilized to produce the top annular flange that allows fixing the sheet to the rod. The photograph in Fig. 7b shows the joint and its cross section at the end of the process. Fig. 8 shows the finite element and experimental results of the destructive pull-out tests aimed at detaching the DC04 steel sheets from the AW 6082 aluminium rods.
Destructive testing of the joints
As seen from the finite element simulation (Fig. 8a) and from the force-displacement evolutions (Fig. 8b) , the joint remains practically unchanged and without signs of allowing relative motion up to forces of approximately 6 kN. From this value up to 11.5 kN deformation continues to be essentially carried out by the sheet subjected to progressive bending and locking is still guaranteed by the joint. Beyond 11.5 kN the joint starts to fail and the sheet is eventually drawn and detached from the rod (refer to the enclosed photograph).
Conclusions
Joining of sheets to thin-walled tubes by boss forming can be successfully extended to solid rods. The extension requires redesigning the upper die to include a pressure ring and building the lower die in two halves to contain a die cavity. The pressure ring imposes a compressive stress state on the material of the rod adjacent to that being pushed ahead of the upper compression die in order to prevent cracking of the freshly formed surfaces during material pile-up. The die cavity allows controlling the cross section geometry and size of the annular flanges.
The attempts to perform boss forming of rods without pressure ring revealed unsuccessful due to the development of cracks. The utilization of small values of the material pile-up thickness also revealed not appropriate because material will be removed from the outer radius of the rod by cutting with formation of a curled chip inside the die cavity. This prevents adequate filling and formation of sound annular flanges for the joining process.
Application of the proposed joining process to connect sheets to rods has the advantage of being performed at room temperature, of allowing dissimilar materials to be used and of producing joints that are easily recyclable at the end of service life. 
